Objectives: A patient with Candida albicans thrush and oesophagitis was treated with high doses of caspofungin but treatment eventually failed. Four C. albicans isolates were serially recovered before and after caspofungin treatment. A microbiological study was performed to characterize these four isolates.
Introduction
Echinocandins are a new class of antifungal drugs with broadspectrum activity. 1 They inhibit 1-3-b-D-glucan synthesis, leading to damage of the cell wall of many fungal species. 2 Caspofungin is the first antifungal agent from this class to be available in European countries. It is fungicidal in vitro and in vivo against most isolates of Candida spp. including Candida spp. with fluconazole resistance. 1, 2 It has been successfully used to treat oropharyngeal and oesophageal candidiasis, invasive candidiasis and invasive aspergillosis. 1 Caspofungin provides a generally welltolerated parenteral therapeutic option. Recommended doses are 50 mg/day after a loading dose of 70 mg on day 1.
Few cases of Candida spp. isolates with reduced susceptibility to caspofungin have been reported to date. 3 -13 We report a case of acquisition of caspofungin resistance in Candida albicans in an HIV patient treated for oesophageal candidiasis and show that clinical failure during caspofungin therapy was associated with an increase in MIC of this drug. A molecular analysis of the gene encoding the target enzyme was performed and showed the presence of a specific amino acid substitution.
Case report
A 34-year-old male (weight 49 kg), with AIDS (CD4 count of 6 cells/mm 3 ), was admitted with a diagnosis of thrush and Candida oesophagitis lasting 3 months. Previous therapy with fluconazole had failed. Antifungal treatments received by the patient and clinical responses are summarized in Figure 1 . On day 1, he was treated with voriconazole (400 mg/day) with rapid clinical improvement by day 4. On day 11, treatment for a Mycobacterium avium infection was started (rifabutin, ethambutol and clarithromycin) and Candida infection relapsed on day 15. From day 24 to day 37, he was treated with caspofungin (70 mg daily). His oesophagitis responded partially with persistent oral confluent plaques. By the end of treatment (day 38), thrush and oesophagitis relapsed. Treatment with amphotericin lipid complex (3 mg/kg) once weekly was done (39th and 45th day) and stopped for systemic intolerance after two injections (chills and fever). At the same time (day 39), antiretroviral treatment was started (ritonavir, fosamprenavir, abacavir and tenofovir). From day 55 to day 65, a second course of caspofungin (70 mg/day) was initiated without clinical efficacy. At day 66, treatment with high doses of voriconazole (800 mg/day followed by 600 mg/day) was initiated. Thrush and oesophagitis resolved completely on the third day.
Other therapies used were valaciclovir started on day 9 for herpes zoster of the hand, gabapentin and clonazepam for postherpetic neuralgia and he also had a prophylactic treatment with sulfamethoxazole/trimethoprim.
Materials and methods

Yeast strains
C. albicans isolates were recovered from the oral cavity 12 days before admission (isolate 1) and on days 18, 63 and 131 (isolates 2, 3 and 4, respectively). Isolates were identified by colony pigmentation on CandiSelect4 (Bio-Rad, Marnes la Coquette, France) and by carbohydrate assimilation profile on ID32C strips (bioMerieux, Marcy l'É toile, France). Specific Candida dubliniensis PCR amplification 14 was negative for all four isolates.
Susceptibility testing
Antifungal susceptibility testing was performed by a commercial agar diffusion test (Etest w ) and by the EUCAST microdilution broth reference method. 15 
Etest
w strips for amphotericin B, fluconazole, voriconazole and caspofungin were supplied by AB Biodisk (Solna, Sweden) and used as recommended by the manufacturer. The yeast inoculum was adjusted in sterile 0.9% NaCl to the turbidity of a 0.5 McFarland standard. The surface of agar plates containing RPMI medium buffered to pH 7.0 with 0.165 M MOPS and containing 2% glucose (AES Chemunex, Bruz, France) was inoculated by using a swab dipped in the cell suspension. When the surface was completely dry, the Etest w strips were applied. The plates were incubated at 358C and read at 48 h. For caspofungin and amphotericin B, the MIC was defined as the lowest concentration at which the zone of complete inhibition intersected the strip. For fluconazole and voriconazole, the MIC was read as the lowest concentration at which the border of the elliptical inhibition zone intercepted the scale on the strip; any growth such as microcolonies throughout a discernible inhibition ellipse was ignored. MIC determination was done at least twice. Micafungin susceptibility was not performed by Etest w as strips for this drug are not commercially available.
Antifungal susceptibility was also determined by the EUCAST broth microdilution reference method. 15 Amphotericin B (Sigma-Aldrich, Saint Quentin Fallavier, France), fluconazole (Pfizer Central Research, Sandwich, UK), voriconazole (Pfizer), caspofungin (Merck & Co., Inc., Rahway, NJ, USA) and micafungin (Astellas Pharma, Osaka, Japan) were obtained as powders of known potency. For all antifungals except for amphotericin B, RPMI 1640 medium with L-glutamine but without sodium bicarbonate (Sigma-Aldrich) buffered to pH 7.0 with 0.165 M MOPS (Sigma-Aldrich) was used as the test medium. Amphotericin B was tested in antibiotic medium 3 (AM3, Difco, Le Pont de Claix, France) supplemented with 2% glucose. Additionally, caspofungin was also tested in AM3 medium. The final concentrations of the antifungal agents were 0.015-8 mg/L for amphotericin B, voriconazole, caspofungin and micafungin and 0.125-64 mg/L for fluconazole. Isolates were grown on Sabouraud glucose agar for 24 h at 308C and yeast suspensions were prepared in sterile water and adjusted to a turbidity equivalent to that of a 0.5 McFarland standard. After inoculation, microplates were incubated at 358C for 24 h and spectrophotometric readings were performed at 492 nm with an automated microplate reader spectrophotometer (Rosys Anthos ht3, Anthos Labtec Instruments GmbH, Salzburg, Austria). MIC endpoints were defined as the lowest drug concentration that led to an inhibition of !95% for amphotericin B and the echinocandins and to an inhibition of !50% for the azoles. Reference strains, Candida krusei ATCC 6258 and Candida parapsilosis ATCC 22019, were included to ensure quality control.
Strain genotyping
Strain genotyping was performed by multiplex PCR amplification of three polymorphic microsatellite markers (CDC3, EF3 and HIS3), as described previously. 16 Briefly, primers were labelled with different dyes: 4,7,2 0 ,4 0 ,5 0 ,7 0 -hexachloro-6-carboxyfluorescein (HEX), 6-carboxyfluorescein (6-FAM) and 4,7,2 0 ,7 0 -tetrachloro-6-carboxyfluorescein (TET) for primers CDC3, EF3 and HIS3, respectively. PCR products were sized by an automatic ABI 310 capillary genetic analyser (Applied Biosystems) and data analysed with the Genescan 3.0 software (Applied Biosystems). C. albicans B311 (ATCC 32354) reference strain was used as the quality control.
fks sequence analysis
Previously described specific primers 5 0 -GAAATCGGCATATGCTG TGTC-3 0 and 5 0 -AATGAACGACCAATGGAGAAG-3 0 were used for PCR amplification and sequencing of the fks gene. 8 These primers amplified a fragment of $450 bp of the CaFKS1 locus. This fragment contains the hot-spot region 1 in which mutations are known to confer reduced susceptibility to echinocandins. 8 Reaction volumes of 50 mL contained 3 mL of genomic DNA, 1.25 U of AmpliTaq gold (Roche), 5 mL of PCR buffer 10Â (Roche), 5 mL of MgCl 2 25 mM (Roche), 5 mL of 2.5 mM dNTP and 1.25 mL of each 20 mM concentrated primers. The PCR products were amplified in an ICycler Thermocycler (Bio-Rad) setup with a first cycle of denaturation for 10 min at 958C, followed by 30 cycles of denaturation at 948C for 30 s, annealing at 508C for 30 s and elongation at 728C for 30 s, with a final extension step of 10 min at 728C. After purification of PCR products, both strands were sequenced with the same primer set used for amplification. Reaction products were analysed on an ABI Prism 3700 automated DNA analyser (Applied Biosystems). Sequences were determined twice in independent experiments. Sequences were translated and analysed with BioEdit sequence alignment editor (Isis Therapeutics, Carlsbad, CA, USA).
Results
Comparison of the length of PCR products for the three microsatellite markers for each isolate showed that all four isolates shared identical patterns and were thus considered to belong to the same strain. The only difference was that isolate 1 was heterozygous for the CDC3 locus, as shown in Figure 2 .
By Etest w method, all four isolates showed high MICs of fluconazole (from 48 to 64 mg/L). For voriconazole MICs were 0.50 mg/L for isolates 1, 2 and 3 and 2 mg/L for isolate 4. All four isolates showed similar MICs for amphotericin B of 0.064 mg/L. There were no major discrepancies between results by Etest w and the EUCAST reference method (MIC differences were within two 2-fold dilutions). MICs of echinocandins are shown in Table 1 . There was a 1024-fold increase (i.e. 10 doubling dilutions) in caspofungin MIC as determined by Etest w for isolates 3 and 4 recovered after clinical failure of caspofungin therapy when compared with isolates 1 and 2. As shown in Figure 3 for two isolates, inhibition patterns with Etest w were easy to read with a clear inhibition ellipse for the pre-treatment isolate 1 and complete absence of inhibition zone for post-treatment isolate 4. These results were corroborated by the EUCAST reference method on RPMI and AM3 media. Nevertheless, increase in MICs by this method was less significant than by Etest w . The use of AM3 medium allowed better discrimination between the isolates recovered before and after failure treatment (i.e. five dilutions) than the RPMI medium (i.e. three dilutions). Isolates 3 and 4 also demonstrated increased MICs of micafungin (i.e. four dilutions). Alignment of the deduced Fks protein sequences for the four isolates in comparison with the sequence of a wild-type C. albicans (CaFks1p, accession number D88815) is shown in Figure 4 . Pre-treatment isolates 1 and 2 did not exhibit mutation in the sequenced region. In contrast, both post-treatment resistant isolates contain the same F641S mutation.
Discussion
Caspofungin is active in vitro against most species of Candida 17, 18 and has shown good in vivo efficacy for treatment of candidaemia 19 and oesophageal candidiasis. 20 Surveillance programmes showed a low level of elevated MICs for caspofungin in Candida spp. 18 Nevertheless, there are minimal data available regarding the development of echinocandin resistance in Candida spp. during therapy with these antifungal drugs. A limited number of cases have reported infections with isolates showing decreased susceptibility to caspofungin, 3 -13 and in a few instances, acquisition of resistance under caspofungin treatment has been demonstrated for C. albicans, Candida glabrata, C. parapsilosis and C. krusei.
In the present case, acquisition of resistance was demonstrated in a patient treated with caspofungin. Clinical resistance was associated with increased MICs in vitro and related to a new mutation of the target enzyme. A high dose of caspofungin (70 mg/day) was used, as currently recommended, 2 because the patient received rifabutin, a drug closely related to rifampicin that is known to interact with caspofungin. Indeed, it has been shown that caspofungin trough concentrations were decreased by 14 -30% in healthy volunteers in the case of co-administration with rifampicin. 21 There was no drug interaction reported with the other molecules, particularly antiretroviral therapy administered to the patient at the same time than the second course of caspofungin.
As summarized in Table 2 , few cases of Candida spp. isolates with reduced susceptibility to caspofungin have been reported to date. 3 -13 These infections included oesophageal candidiasis in HIV patients 3, 5, 6 and candidaemia or invasive candidiasis in both neutropenic and non-neutropenic patients. 7 -13 Isolates with reduced susceptibility were C. albicans, 3 -6,8 C. glabrata,
4,10 -13
C. krusei, 8, 9 and C. parapsilosis. 7 In several cases, pre-and posttreatment isolates were available and typing methods were employed to show identity of the isolates, suggesting acquisition of caspofungin resistance during treatment with this drug. 3,5,7 -13 In the present study, genotyping was performed to determine whether the four isolates studied were closely related or independent. Using three polymorphic microsatellite markers, 16 we clearly showed that isolates 2-4 had identical genotype and that caspofungin resistance was acquired without modification of these three markers. Interestingly, we were able to genotype isolate 1, collected 75 days before isolate 3, the first with reduced susceptibility to caspofungin. Isolate 1 was heterozygous, whereas the other isolates were homozygous for the CDC3 marker. This observation suggests two things. First, the loss of heterozygosity (LOH) can be selected and persist over time under caspofungin pressure. However, the probability of having both homozygous and heterozygous colonies in the same clinical sample and picking the same one three times depends on the unknown ratio of both genotypes. Second, LOH has been coupled with azole resistance in C. albicans. 22 Here, we show that LOH can precede and not be concomitant with antifungal resistance. The fact that both CDC3 and the glucan-synthase gene are located on chromosome 1 suggests that LOH promoted reduced susceptibility to caspofungin. We have already shown that LOH for one marker located on chromosome 5 is associated with duplication of the homozygous marker and not loss of one copy. 23 It is hypothesized that recombination between the involved portions of chromosome or duplication of the entire chromosome can be responsible for this LOH. 22 Although susceptibility breakpoints have not been defined for caspofungin, most of the reported cases in the literature involved isolates with high in vitro MICs when compared with MICs generally observed for Candida spp. 17, 18 In some instances, in vitro decreased susceptibility was also confirmed in experimental animal models of candidiasis. 3, 8, 10 Moreover, when pre-and post-treatment isolates were available, MIC increase was linked to clinical failure, indicating a correlation between in vitro results and in vivo efficacy of the drug.
The best methodological parameters to be used for in vitro susceptibility testing of caspofungin are still under debate. 24, 25 In the present case, different techniques were used. A better discrimination between pre-and post-treatment isolates was obtained with the EUCAST method when AM3 medium was used instead of RPMI. Moreover, the discrimination between pre-and posttreatment isolates was much better with Etest w , suggesting that Etest w could be a reliable and efficient technique to detect Candida spp. isolates with reduced susceptibility to caspofungin. Although CLSI (formerly NCCLS) methodology 26 recommends RPMI as a test medium, alternative medium such as AM3 has been tested for susceptibility testing of caspofungin and has Interestingly, acquisition of caspofungin resistance in the present isolates was associated with an increase in micafungin MIC, suggesting cross-resistance between these two echinocandins.
In vitro study of a large number of isolates has shown that for those species with high MICs of caspofungin (e.g. C. parapsilosis), MICs of micafungin and anidulafungin were also elevated. 17 Similarly, in previous clinical cases, resistance to caspofungin was associated with increased micafungin and/or anidulafungin MICs, 7, 9 and in a case of clinical failure of micafungin treatment, the post-treatment isolate showed elevated MICs of all three echinocandins. 5 It has been shown in laboratory mutants of C. albicans with reduced susceptibility to caspofungin that mutations in selected regions of fks1, the gene encoding the echinocandin target enzyme 1-3-b-D-glucan synthase, were responsible for the increase in caspofungin MICs. 8 In particular, mutations of the serine at position 645 have been shown to be associated with decreased susceptibility to caspofungin. Recently, sequencing of this region for 85 spontaneous mutants confirmed that mutations mainly occurred at position 645 and also, in some cases, at position 641. 28 Up to now, a very limited number of echinocandinresistant clinical isolates have been screened for Fks mutations. 4 -6,8 Both S645P and S645F mutations have been reported 5, 6, 8 and in one case, an F641Y substitution has been observed. 4 In the present case, an F641S substitution, which has not been reported previously, was associated with the acquisition of caspofungin resistance. Fks mutations have also been reported in echinocandin-resistant isolates of C. glabrata 4 and C. krusei.
8
It has to be noticed that in one case, resistance of a C. krusei was not related to an alteration of Fks, 9 suggesting that other mechanisms could be responsible for resistance.
In summary, we report a clinical case of oesophagitis with acquired clinical resistance to caspofungin in spite of high doses of caspofungin. The resistance was associated with an increase in echinocandin MICs and with a new mutation of the fks gene. The Etest w method allowed easy detection of elevated MIC, suggesting that it could be used to perform susceptibility testing in cases of clinical failure during caspofungin therapy.
